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CD46 was previously shown to be a primate-specific receptor for the Edmonston strain of measles virus. This
receptor consists of four short consensus regions (SCR1 to SCR4) which normally function in complement
regulation. Measles virus has recently been shown to interact with SCR1 and SCR2. In this study, receptors
on different types of monkey erythrocytes were employed as “natural mutant proteins” to further define the
virus binding regions of CD46. Erythrocytes from African green monkeys and rhesus macaques hemagglutinate
in the presence of measles virus, while baboon erythrocytes were the least efficient of the Old World monkey
cells used in these assays. Subsequent studies demonstrated that the SCR2 domain of baboon CD46 contained
an Arg-to-Gln mutation at amino acid position 103 which accounted for reduced hemagglutination activity.
Surprisingly, none of the New World monkey erythrocytes hemagglutinated in the presence of virus. Sequenc-
ing of cDNAs derived from the lymphocytes of these New World monkeys and analysis of their erythrocytes with
SCR1-specific polyclonal antibodies indicated that the SCR1 domain was deleted in these cells. Additional
experiments, which used 35 different site-specific mutations inserted into CD46, were performed to complement
the preceding studies. The effects of these artificial mutations were documented with a convenient binding
assay using insect cells expressing the measles virus hemagglutinin. Mutations which mimicked the change
found in baboon CD46 or another which deleted the SCR2 glycosylation site reduced binding substantially.
Another mutation which altered GluArg to AlaAla at positions 58 and 59, totally abolished binding. Finally, the
epitopes for two monoclonal antibodies which inhibit measles virus attachment were mapped to the same
regions implicated by mutagenesis.

CD46, also known as membrane cofactor protein, was re-
cently shown to be a primate-specific receptor for the labora-
tory-adapted Edmonston strain of measles virus (15, 16, 22,
50). This surface glycoprotein is expressed on most types of
cells and normally functions as a regulator of complement
activity and helps to protect self tissue from autoimmune de-
struction (40, 41). CD46 is composed of four extracellular
short consensus domains (SCR1, SCR2, SCR3, and SCR4)
followed by a region rich in serine, threonine, and proline
(called STP), a transmembrane region, and a short cytoplasmic
domain at its carboxyl terminus. Variations in splicing of exons
encoding STP cassettes and cytoplasmic regions yield glyco-
proteins which vary in size from 57 to 67 kDa and consist of all
four SCR domains, a combination of STP regions, and one of
two different possible carboxy termini (62, 63, 71). Each of the
known splicing variants of human CD46 is capable of binding
measles virus (21, 46).

The CD46 binding domains for the laboratory-adapted Ed-
monston strain of measles virus have recently been mapped to
SCR1 and SCR2 (47) by using chimeric recombinant mole-
cules composed of parts of CD46 and a related molecule called
CD55, or decay-accelerating factor. Another group has done

similar experiments with chimeras of CD46 and CD4 (11),
while others expressed CD46 deletion mutants in Chinese
hamster ovary cells (30) and confirmed the role of SCR1 and
SCR2 in virus binding. Monoclonal antibodies specific for
SCR1 and SCR2 also block measles virus binding to the host
cell (30, 47). The role of carbohydrate linked to the asparagine
residue in the SCR1 domain of CD46 appears to be minimal,
while carbohydrate associated with asparagine in SCR2 ap-
pears to be critical for binding measles virus (42, 43).

Measles virus (25, 78) is a paramyxovirus which consists of a
negative-strand RNA genome and an envelope which contains
two surface glycoproteins known as hemagglutinin protein (H)
and membrane fusion protein (F). A nonglycosylated mem-
brane protein (M) lies on the inner side of the envelope and
mediates an association of the glycoproteins with the nucleo-
capsid of the virus. H protein is responsible for virus attach-
ment and interacts with CD46 (4, 14, 42), while F mediates
penetration and syncytium formation (45, 65, 67, 70, 82). In-
teraction of H with its receptor has been shown to downregu-
late surface CD46 in cultured cells (28, 35, 49, 73–75), and four
amino acids on the virus attachment protein have recently
been implicated in this interaction (8). In addition, virus grown
in cultured cells binds to the receptors on many, but not all,
species of monkey erythrocytes to yield hemagglutination (20,
53–55, 57–59, 69). Hemagglutination assays with erythrocytes
from cercopithecus and rhesus monkeys have traditionally
been used to determine titers of laboratory strains of measles
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virus, indicating that the erythrocytes from many Old World
monkeys do possess the receptor for this virus. However, the
erythrocytes of humans, chimpanzees, and gorillas do not hem-
agglutinate in the presence of measles virus, which correlates
with the absence of CD46 on the surfaces of erythrocytes from
these higher primates (19, 52).

Since a number of species of monkey erythrocytes vary in
their ability to bind measles virus and subsequently hemagglu-
tinate (18–20), we proposed to use the receptors on these
erythrocytes as “natural mutant proteins” in an attempt to
further define the binding regions of CD46. In this work, we
first studied the ability of New World and Old World monkey
erythrocytes to hemagglutinate in the presence of measles vi-
rus. Surprisingly, none of the New World monkey erythrocytes
hemagglutinated in the presence of measles virus, although it
was evident that they expressed CD46 on their cell surfaces.
The CD46 molecules from the lymphocytes and erythrocytes of
New World monkeys all lacked the SCR1 coding region adja-
cent to the amino-terminal signal peptide. A specific mutation
present within the CD46 molecules of baboons which could
account for diminished hemagglutination activity in the pres-
ence of measles virus was noted. In addition, the effects of
certain artificial mutations introduced into CD46 by site-spe-
cific mutagenesis are reported.

MATERIALS AND METHODS

Cell lines and virus. HeLa, Vero, and HuTK-143B cells were purchased from
the American Type Culture Collection (Rockville, Md.). Sf9 insect cells were
supplied by Invitrogen (San Diego, Calif.) and were grown in Grace’s medium.
HeLa, Vero, and HuTK-143B cells were propagated in Dulbecco’s minimum
essential medium (GIBCO-BRL, Gaithersburg, Md.) supplemented with 10%
fetal calf serum. In addition, HuTK-143B cells were cultivated in the presence of
12.5 mg of bromodeoxyuridine per ml. Monkey (cercopithecus, cynomologus, and
rhesus) erythrocytes were purchased from Connaught Laboratories (Toronto,
Canada), and baboon erythrocytes came from Lampire Biological Laboratories
(Pipersville, Pa.). Other monkey erythrocytes were obtained from the Granby
Zoo (Granby, Canada), the Montreal Biodome (Montreal, Canada), the Quebec
City Zoo (Quebec City, Canada), the Toronto Metropolitan Zoo (Toronto,
Canada), the National Institutes of Health primate center (Poolesville, Md.),
Merck-Frosst Pharmaceuticals (Montreal, Canada), and the New England Pri-
mate Center (Boston, Mass.). The Edmonston strain of measles virus was orig-
inally obtained from Erling Norrby (Karolinska Institute, Stockholm, Sweden)
and was propagated in Vero monkey kidney cells as previously described (24).

CD46 polypeptide expression and production of antibodies. Polyclonal anti-
bodies (CD46-333) directed against entire CD46 protein and antiserum directed
against the SCR1 domain of CD46 protein were prepared by immunization of
rabbits with purified recombinant protein. The entire CD46-coding region (iso-
type C2) was synthesized by PCR with oligonucleotide primers as previously
described (15). The DNA fragment was cloned into the NheI site of the bacu-
lovirus expression vector BlueBac2 (pETL), and recombinant baculovirus was
generated (36, 68, 80). Recombinant CD46 protein was expressed in Sf9 insect
cells, resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels, electro-
eluted, and injected into rabbits to generate a polyclonal antibody by routine
methods (66, 81). A DNA fragment containing SCR1 was synthesized by PCR
with oligonucleotide primers corresponding to the 59 end
(59-AACGGATCCT-GTGAGGAGCCACCAACA-39) and the 39 end
(59-TGGTGTTCGAAAATTGTCCGCAGTAGA-CTCTG-39) of the SCR1-
coding sequence. The PCR product was digested with BamHI and HindIII and
then cloned into the bacterial expression plasmid pT7-7His cut with the same
enzymes (77). The resulting plasmid was transformed into Escherichia coli
BL21(DE3) by electroporation, and the recombinant protein was expressed by
induction with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG). The SCR1
polypeptide fused to His6 was purified by metal chelation chromotography with
Ni-nitrilotriacetic acid agarose (Qiagen) under denaturing conditions (61). Pu-
rified SCR1 polypeptide was injected into rabbits for the production of poly-
clonal antibodies (27). In addition, the monoclonal antibody E4.3 (specific for
SCR1) was purchased from Bio/Can Scientific (Mississauga, Canada), and mono-
clonal antibody M75 (specific for SCR2) came from Seikugaku Inc. (Tokyo,
Japan).

Hemagglutination of different primate erythrocytes by measles virus. Primate
blood samples were collected from animals in Vacutainer tubes containing hep-
arin-EDTA (Becton Dickinson, Franklin Lakes, N.J.) and stored in Alsevier’s
solution (GIBCO-BRL) for no more than 2 days. Cells were washed two times
with phosphate-buffered saline (PBS), and a 1% (vol/vol) solution was used in
the hemagglutination assays. A standard sample of concentrated measles virus

(107 PFU/ml) was diluted serially (1:1) with PBS, and 50 ml of each dilution was
added to individual wells of a 96-well microtiter plate with round-bottom cham-
bers (Costar, Cambridge, Mass.). A 50-ml sample of the erythrocytes was added
to each well. Hemagglutination was allowed to proceed for 2 h at 4°C. Erythro-
cytes settled to the bottom of the chambers when the assay was negative but
formed a suspended matrix when the assay was positive. The assay titer was the
highest dilution of virus which produced hemagglutination.

Isolation of monkey lymphocytes and synthesis of cDNAs from CD46 mRNA.
Lymphocytes from different monkey species were prepared by using a Ficoll-
Paque (Pharmacia, Uppsala, Sweden) discontinuous gradient. Fresh monkey
blood (2 to 3 ml) was diluted with an equal volume of balanced salt solution
(0.01% anhydrous D-glucose, 5 mM CaCl2, 98 mM MgCl2, 0.545 mM KCl, 0.126
M NaCl, and 14.5 mM Tris-HCl, pH 7.4) and layered onto 3 ml of Ficoll-Paque.
The sample was centrifuged at 700 3 g for 30 min at 20°C. The lymphocyte layer
at the balanced salt solution–Ficoll-Paque interface was collected and diluted
with 3 volumes of balanced salt solution. Following centrifugation at 700 3 g for
10 min at 20°C, the lymphocyte pellet was washed once with 1 ml of balanced salt
solution and then resuspended in 1 ml of TRIzol (GIBCO-BRL). Chloroform
(0.2 ml) was added, and the TRIzol lysate was vortexed and left for 3 min at room
temperature. The denatured extract was centrifuged at 10,000 3 g for 10 min at
4°C. RNA in the upper aqueous layer was then precipitated with 0.5 ml of
isopropanol at room temperature for 10 min and then concentrated by centrif-
ugation at 10,000 3 g for 10 min. Finally, the pellet was washed once with 75%
ethanol, dried in the air, and resuspended in 50 ml of H2O. Synthesis of cDNA
was performed from mRNA by using the First Strand Synthesis kit (Pharmacia)
and a specific CD46 primer (59-GGGACAACACAAATTACTGC-39). Double-
stranded DNA fragments were generated by nested PCRs. Primers derived from
the human CD46 sequence corresponding to
59-GCAACTCCAACAACTATGGC-39 and
59-AGTGTCCCTTTCCTTCCTG-39 were used for the first 30 rounds of PCR
amplification. Interior, or nested, primers corresponding to
59-ACAATCACAGCAATGACCCA-39 and
59-CGCTTTCCTGGGTTGCTTC-39 of human CD46 were used for the follow-
ing 30 rounds of PCR.

Determination of the 5*-terminal sequences of CD46 mRNA. The 59-terminal
coding regions of different monkey CD46 molecules were determined by using
the Marathon cDNA Amplification Kit (Clontech, Palo Alto, Calif.) as described
in the reference manual. Poly(A)1 RNA was first isolated from total RNA by
using a QuickPrep mRNA purification kit (Pharmacia). Reverse transcriptase
(RT) and an oligo(dT) primer were used to synthesize the first-strand cDNA
from 1 mg of poly(A)1 RNA. The second-strand DNA was synthesized by using
a mixture of RNase H, DNA polymerase I, DNA ligase, and then T4 DNA
polymerase (26). The Marathon cDNA adapter was ligated to the double-
stranded DNA after synthesis of second-strand cDNA. Monkey CD46 fragment
containing the 59 coding region was generated by nested PCR with a human
CD46-specific primer (59-TAAGACACTTTGGAACTGGG-39) and the Mara-
thon cDNA adapter-specific primer AP1
(59-CCATCCTAATACGACTCACTATAGGGC-39) for the first 30 rounds of
PCR and with a human CD46-specific nested primer (59--39) and the Marathon
cDNA adapter-specific nested primer AP2
(59-ACTCACTATAGGGCTCGAGCGGC-39) for the next 30 rounds of PCR
amplification. CD46 DNA fragments from the different monkeys were rendered
blunt with Pfu polymerase (Stratagene, San Diego, Calif.) and then cloned into
the SrfI site of the PCR Script Amp (SK1) vector (Stratagene).

SDS-polyacrylamide gel electrophoresis and immunoblot analysis. SDS-poly-
acrylamide gel electrophoresis and Western immunoblot analysis were per-
formed as previously described (81). The E4.3 and M75 monoclonal antibodies
(1:500 dilution) were incubated with nitrocellulose paper blotted with total
proteins from OST-7 cells infected with mutant CD46 recombinant virus. Bind-
ing of monoclonal antibodies was detected by ECL chemiluminescence (Amer-
sham, Arlington Heights, Ill.).

DNA sequencing. DNA fragments contained in PCR-Script AmP (SK(1)
vectors were sequenced with an Applied Biosystems 430I automated sequencer
located at the Amgen DNA sequencing facility (Amgen, Thousand Oaks, Calif.).
Sequence analysis and alignments were performed with Lasergene software
(DNASTAR, Madison, Wis.).

Flow cytometry analysis of monkey erythrocytes and lymphocytes. Monkey
blood (50 ml) was centrifuged at 1,500 3 g for 5 min, washed twice with 5 ml of
fluorescence-activated cell sorter (FACS) buffer (PBS containing 1% bovine
serum albumin, 5 mM EDTA, and 0.1% sodium azide). The erythrocytes were
resuspended in 100 ml of the same buffer containing a 1:100 dilution of either
preimmune antibody, CD46-333 antibody, or SCR1 antibody for 1 h on ice.
Following the incubation, cells were washed twice with 3 ml of FACS buffer by
centrifugation at 1,500 3 g for 5 min. The cells were resuspended in 100 ml of the
same buffer containing a 1:100 dilution of fluorescein isothiocyanate (FITC)-
labeled anti-rabbit immunoglobulin G (IgG) (heavy plus light chains) for 1 h on
ice. After being washed twice with 3 ml of FACS buffer, the blood cells were
suspended in 0.5 ml of FACS buffer and were subsequently analyzed on a Becton
Dickinson analyzer equipped with a 15-mW argon laser at 488 nm. The data were
collected and analyzed with CellQuest software.

Monkey lymphocytes were also analyzed by flow cytometry. The monkey blood
samples were prepared and labeled as described above. Following the incubation
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with FITC-labeled anti-rabbit IgG, the cells were washed and resuspended in 100
ml of FACS buffer. Erythrocytes were lysed by treatment of each sample with 1
ml of FACS lysis buffer (Becton Dickinson) for 1 min. The lymphocytes were
washed twice with 3 ml of FACS buffer, and monkey lymphocyte fluorescence
data were collected as described in the previous paragraph. Mouse OST7 cells
(2 3 106 cells) which expressed mutant forms of CD46 were suspended in 1 ml
of Cell Dissociation Buffer (Sigma, St. Louis, Mo.) and washed two times by
centrifugation with FACS buffer. The final pellet was suspended in 100 ml of
FACS buffer prior to analysis by fluorescence cytometry.

Site-specific mutagenesis of CD46 and expression of mutants by using vac-
cinia virus recombinants. Portions of SCR1 and SCR2 domains were replaced
with point mutations or four to six alanine residues by using gel-purified oligo-
nucleotides consisting of 30 to 40 nucleotides. Mutations were introduced into
the CD46 molecule by using the QuickChange site-directed mutagenesis kit from
Stratagene. The CD46-coding region (isotype C2) was cloned into PCR-Script
Amp SK(1) plasmid, denatured, and annealed with two complementary oligo-
nucleotides containing the desired mutation; the mutagenized DNA strands were
extended with Pfu polymerase; the methylated nonmutated parental DNA tem-
plate was digested with DpnI; and the mutated plasmid was used to transform
XL2-Blue ultracompetent cells. Mutant plasmids were isolated, and the CD46
inserts were completely sequenced. The mutagenized CD46-coding regions were
excised from the PCR-Script plasmid following digestion with BspHI (59 end)
and BglII (39 end) and ligated into the vaccinia virus vector pTM1 (containing the
T7 promoter) which had been digested with the compatible restriction enzymes
NcoI and BamHI. Vaccinia virus recombinants were prepared and titers were
determined by plaque assays as previously described, using HuTK-143B cells and
bromodeoxyuridine selection (17). CD46 mutants were expressed in mouse
OST-7 cells which contained the T7 polymerase, and protein synthesis and
surface expression were monitored by Western immunoblot and FACS scan
analysis.

Direct binding assays between CD46 mutants and insect cells expressing
measles virus H protein. Mutant CD46-coding sequences were cloned into the
pTM1 vaccinia virus expression vector, which uses the T7 promoter to direct
transcription of the foreign gene. Recombinant vaccinia virus was prepared as
previously described (17), and mutant CD46 molecules were expressed in mouse
OST7 cells which contain the T7 polymerase. Sf9 insect cells were infected for
48 h with a recombinant baculovirus (81) which had been generated with the
BlueBac2 expression vector (Invitrogen) (36, 68) and synthesized both the mea-
sles virus H protein and b-galactosidase. The insect cells were colored blue by
adding Bluogal (GIBCO-BRL, Grand Island, N.Y.), at 36 h of infection, from a
stock solution (50 mg/ml in dimethylformamide) to give a 0.05% (wt/vol) final
concentration. Infections with recombinant vaccinia virus were allowed to pro-
ceed for 12 h; Sf9 insect cells expressing the measles H protein and b-galacto-
sidase were incubated for 1/2 h with the vaccinia virus-infected mouse OST7 cells
in the presence of PBS containing 5% fetal calf serum. Nonadsorbed insect cells
were eluted by washing the mouse cells two times with PBS. Binding in 25-cm2

tissue culture flasks could be quantitated visually under a microscope or quan-
titatively by the hydrolysis of o-nitrophenylgalactoside (ONPG) with a b-galac-
tosidase assay kit (Stratagene). Cells were lysed in 0.5 ml of 100 mM sodium
phosphate buffer (pH 7.5) containing 0.2% Triton X-100 and 1% Nonidet P-40.
Aliquots of lysate (50 ml) were added to a 96-well microtitration plate, and
freshly prepared buffer (100 mM sodium phosphate, 10 mM KCl, 1 mM MgSO4,
50 mM b-mercaptoethanol, pH 7.5) was mixed with each aliquot to give a final
volume of 160 ml. A 50-ml volume of ONPG solution (4 mg/ml in 100 mM sodium
phosphate, pH 7.5) was added to each well and incubated at 37°C until a yellow
color was evident, after about 30 min. The reaction was terminated by addition
of 90 ml of 1 M Na2CO3, and the color intensity was measured at 420 nm with a
SpectraMax 250 enzyme-linked immunosorbent assay plate reader purchased
from Molecular Devices (Sunnyvale, Calif.). Results were linear over time for an
absorbance range of 0.1 to 1 A420 unit.

Nucleotide sequence accession numbers. The nucleotide sequences coding for
the extracellular domains of monkey CD46 molecules were submitted to Gen-
Bank and have the following accession numbers: Aotus trivirgatus, U87914; Papio
hamadryas, U87915; Callimico goeldii, U87916; Callithrix jacchus, U87917; Sagui-
nus mystax, U87918; Saimiri sciureus, U87919; Cercopithecus aethiops, U87920;
Macaca fascicularis, U87921; Macaca mulatta, U87922; and Pithecia pithecia,
U87923.

RESULTS

Analysis of CD46 surface expression and hemagglutination
of primate erythrocytes in the presence of Edmonston measles
virus. Certain monkey erythrocytes are known to bind measles
virus and have been routinely used to determine titers of mea-
sles virus in hemagglutination assays (19, 56). However, it is
known that human and chimpanzee erythrocytes do not hem-
agglutinate in the presence of measles virus (19, 54). This can
now be attributed to the fact that the erythrocytes of humans,
gorillas, and chimpanzees do not have CD46, the receptor for

measles virus, on their cell surfaces (52). African green mon-
key (Cercopithecus aethiops) erythrocytes are known to be most
sensitive to measles virus-induced agglutination (18, 20, 69).
We collected erythrocytes from a number of Old World and
New World monkeys and assayed their ability to hemaggluti-
nate in the presence of Edmonston measles virus which had
been propagated in Vero monkey kidney cells (Table 1). The
presence of CD46 on the surfaces of these monkey erythro-
cytes was first verified by fluorescence analysis with a poly-
clonal antibody specific for human CD46. All primate eryth-
rocytes which were tested, with the exception of human and
chimpanzee erythrocytes, bound the CD46 antibody. Levels of
immune recognition were probably less in Lemur macaco due
to species-specific variation of its CD46 protein. Hemaggluti-
nation assays mediated by measles virus were performed, and
it was obvious that erythrocytes from South American marmo-
sets and tamarins (Callimico goeldii, Callithrix jacchus, Pithecia
pithecia, Saimiri sciureus, and Leontopithecus rosalia) and
Madagascar lemur failed to bind measles virus (Table 1). Old
World monkey erythrocytes varied in their ability to hemag-
glutinate in the presence of the virus. As expected, human and
chimpanzee erythrocytes did not hemagglutinate, while Cerco-
pithecus aethiops, Cercopithecus diana, M. fascicularis, M. mu-
latta, Erythrocebus patas, and Cercocebus torquatus lunulatus
yielded high hemagglutination titers. Cercopithecus monkeys
consistently yielded slightly higher hemagglutination titers
than the rest of the monkeys, as previously reported (18, 20).
On the other hand, erythrocytes from baboons (Papio anubis
and Papio hamadryas) always produced much lower titers in

TABLE 1. CD46 FACS analysis and hemagglutination of primate
erythrocytes by measles virus

Primate species Anti-CD46
fluorescencea

Hemag-
glutination

titerb

Homo sapiens (human) 0.359 1/1
Pan troglodytes (chimpanzee) 0.389 1/1
Cercopithecus aethiops (African

green monkey)
82.14 1/64

Cercopithecus diana 81.88 1/53
Papio anubis (baboon) 68.94 1/8
Papio hamadryas (baboon) 78.25 1/8
Macaca fascicularis (cynomolgus

monkey)
62.89 1/32

Macaca mulatta (rhesus monkey) 76.74 1/32
Erythrocebus patas 70.14 1/32
Cercocebus torquatus lunulatus

(mangaby)
72.81 1/32

Callimico goeldii (Goeldii’s
marmoset)

136.8 1/2

Callithrix jacchus (common
marmoset)

52.57 1/2

Pithecia pithecia (white-faced saki) 98.48 1/1
Saimiri sciureus (squirrel monkey) 38.86 1/1
Leontopithecus (lion tamarin) 47.31 1/1
Lemur macaco (black lemur) 3.90 1/1

a Expression of CD46 was monitored by FACS with a rabbit polyclonal anti-
body specific for the human cell surface antigen. The antibody-specific fluores-
cence intensity is represented as a number. Preimmune rabbit antibody yielded
a background fluorescence of 0.200 to 0.500.

b Hemagglutination titers were measured in microtiter plates with standard
concentrated measles virus from culture medium diluted serially by one-half in
PBS buffer; an equal volume of a 1% (vol/vol) suspension of monkey erythrocytes
was added to each well, and the assay mixture was allowed to incubate for 2 h at
4°C. The larger dilution indicated an increased ability of the erythrocytes to
hemagglutinate in the presence of measles virus; less virus was required to
cross-link erythrocytes and maintain them in suspension. Assays with Old World
monkey erythrocytes were performed four times and averaged.
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our assays. We proposed to isolate mRNA from the lympho-
cytes of these monkeys, synthesize cDNA, and sequence the
regions coding for the extracellular domains of CD46 in an
attempt to explain the species-specific variation in hemagglu-
tination titers exhibited by these different erythrocytes.

Sequence comparisons of CD46 extracellular domains from
different primates. Lymphocytes were isolated from the blood
of different monkeys, and cDNAs were prepared by using
specific primers and RT, followed by PCR (RT-PCR). The

predicted amino acid sequence was deduced from at least
three separate PCRs for each type of monkey. Subsequently,
the signal peptide and short consensus regions (SCR1 to
SCR4) were aligned by using the Clustal program from Laser-
gene (Fig. 1). Overall, the CD46 molecules from the different
primates were highly conserved, and the protein sequences of
the SCR3 and SCR4 regions from all the primates were ex-
tremely similar. The SCR3 and SCR4 domains of Old World
macaques exhibited 93% identity to the human sequence,

FIG. 1. Amino acid sequence alignment of signal peptides and short consensus regions from CD46 molecules found in lymphocytes of Old World and New World
monkeys. Blood samples were obtained from a variety of primates originating from either Africa or South America. Lymphocytes were isolated by gradient
centrifugation, total RNA was extracted, and cDNA was prepared with RT by using specific oligonucleotide primers from the conserved STP and transmembrane
domains. DNA sequences were amplified by using conserved oligonucleotides upstream of the signal peptide region and regions adjacent to the SCR4 regions. The
59 ends of New World monkeys were also cloned by rapid amplification of cDNA ends with a conserved primer from the SCR3 region. At least three independent cDNA
clones were sequenced, translated to yield a predicted protein, and aligned by using the Clustal method in the Lasergene DNA analysis package. Residues which differ
from the human consensus are shaded. Old World primates include humans (Homo sapiens), cynomolgus monkeys (M. fascicularis), rhesus monkeys (M. mulatta),
baboons (Papio anubis and Papio hamadryas), and African green monkeys (Cercopithecus aethiops). New World primates which we tested were the common marmoset
(Callithrix jacchus), Goeldii’s marmoset (Callimico goeldii), the moustached marmoset (Saguinus mystax), the white-faced saki (Pithecia pithecia), the owl monkey (A.
trivirgatus), and the squirrel monkey (Saimiri sciureus). The signal peptide and SCR1, SCR2, and SCR3 regions are indicated by solid lines beneath the sequences. The
SCR4 domain is not shown, since it was very similar for all monkeys tested. The mutation found in baboon CD46 at amino acid 103 is highlighted by a solid box.
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while those of New World monkeys were 80% identical. This
conservation seems consistent with the role of these regions of
CD46 in complement regulation (40, 41). Since the SCR4
sequence is very similar for all monkeys, it is not shown in Fig.
1. The conserved amino-terminal signal peptides, STP regions,
and membrane-spanning regions facilitated RT-PCR across
the extracellular domain of CD46. It was immediately evident
that the coding region for SCR1 (consisting of 63 amino acids)
was missing from the cDNAs derived from the mRNAs of New
World monkeys (Callithrix jacchus, Pithecia pithecia, Callimico
goeldii, A. trivirgatus, and Saimiri sciureus). The observation
that the SCR1-coding region was missing from mRNAs of
lymphocytes and erythrocyte precursors of New World mon-
keys explains why the erythrocytes of New World monkeys did
not hemagglutinate in the presence of measles virus, since this
region has previously been implicated in measles virus binding
(30, 47). The SCR2 region varied most from the human se-
quence for both Old World and New World monkeys. This
region was 73% identical to the human SCR2 for Old World
monkeys and 68% identical for New World monkeys. Con-
served regions of identity might be expected to participate in
binding to the measles virus H protein.

The CD46 sequences for different classes of Old and New
World monkeys resembled each other and could clearly be
used to classify the primates into different groups. Baboons,
macaques, and African green monkeys belong to the family
Cercopithecidae (51), and all have similar changes at 28 posi-
tions in the signal peptide and SCR regions when compared to
the same extracellular portion of human CD46. Bands of
amino acid identity at over 22 positions could easily differen-
tiate whether the CD46 sequence belonged to an Old or New
World monkey. South American monkeys could be further
subclassified on the basis of 10 additional variations in the
sequence shown in Fig. 1. Marmosets (Callithrix jacchus and
Callimico goeldii) and tamarins (Saguinus mystax, Saguinus oe-
dipus, and Leontipithecus rosalia) belong to the Callithrichidae
family (51). On the other hand, squirrel monkeys (Saimiri
sciureus), owl monkeys (A. trivirgatus), and white-faced sakis
(Pithecia pithecia) are members of the Cebidae family (51).
These family affiliations are reflected in amino acid variations
found in the external domains of CD46 (Fig. 1).

CD46 sequences from baboons contained only seven amino
acid changes when compared to the cercopithecus monkey
sequence; six of these changes (positions 71, 92, 106, 113, 149,
and 172) were conservative, but the other change, at position
103, produced an Arg-to-Gln substitution. This change might
account for the reduced hemagglutination properties of ba-
boon erythrocytes and was considered in subsequent studies.
Cynomolgus (M. fascicularis) and rhesus (M. mulatta) monkey
CD46 sequences were almost identical to the sequence of
Cercopithecus aethiops, and all changes were minor and con-
servative. A slightly greater level of CD46 cell surface expres-
sion on the erythrocytes of Cercopithecus aethiops and Cerco-
pithecus diana could explain the consistent difference in
hemagglutination between cercopithecus monkeys and ma-
caques (Table 1). It should also be noted that the Edmonston
strain of measles virus has been routinely propagated in Vero
and CV-1 cells, which are derived from the kidneys of an
African green monkey. Propagation of this laboratory strain in
culture would ultimately favor the binding of measles virus to
the Cercophithecus aethiops CD46 receptor over those of other
monkeys.

Conserved blocks of amino acids in the SCR1 and SCR2
regions could give some clues as to which regions are most
important in binding to measles virus. SCR1 regions between
amino acids 37 to 54 and 56 to 91 seem to be almost identical

in the Old World monkeys. In addition, SCR2 regions consist-
ing of residues 96 to 99, 103 to 109, 113 to 117, 124 to 135, 137
to 144, and 146 to 162 are almost identical in CD46 molecules
from the Old World monkeys and could contribute to virus
binding. Glycosylation sites at Asn83 and Asn114 are abso-
lutely retained, 6 of 8 cysteine residues are conserved, and the
13 prolines are maintained at all positions except residues 100,
104, and 112. It was interesting that baboons, macaques, and
African green monkeys contained another potential glycosyla-
tion site in their SCR3 domain at residue 213. However, this
should not affect binding to H, since this region of CD46 does
not appear to interact with the virus during attachment.

Polyclonal antibodies confirm that the SCR1 region is ab-
sent from CD46 molecules expressed on the erythrocytes and
lymphocytes from New World monkeys. SCR1 polypeptides
(amino acids 30 to 91) derived from CD46 were expressed in E.
coli, and recombinant protein was purified and injected into
rabbits in order to generate polyclonal antibodies. These anti-
bodies were used to study surface expression of SCR1 on
erythrocytes, lymphocytes, and a number of cell lines from Old
and New World monkeys by fluorescent-antibody analysis. A
polyclonal antibody directed against the entire CD46 molecule
indicated that the erythrocytes from most Old and all New
World monkeys express CD46 on their cell surface (Fig. 2).
However, SCR1-specific antibodies clearly confirmed that the
erythrocytes of Old World monkeys (Cercopithecus aethiops,
M. mulatta, M. fascicularis, and Papio anubis) expressed the
SCR1 domain of CD46 on their surface (Fig. 2A), while anal-
ysis of New World monkeys (A. trivirgatus, Saimiri sciureus,
Callithrix jacchus, and Saguinus oedipus) showed that it was
absent (Fig. 2B). Analysis of lymphocytes, following lysis of
erythrocytes, gave identical results (data not shown). This re-
sult confirmed our RT-PCR analysis of mRNA derived from
lymphocytes and explained why New World monkey erythro-
cytes did not hemagglutinate in the presence of the laboratory
strain of Edmonston measles virus, since the SCR1 domain has
been implicated in measles virus binding (30, 47).

A convenient binding assay with Sf9 insect cells expressing
measles virus H protein and b-galactosidase can be used to
study the binding domains of CD46. Our laboratory previously
demonstrated that Sf9 insect cells infected with a recombinant
baculovirus expressing the measles virus H protein (Sf9-H)
were capable of binding to erythrocytes from African green
monkeys (80). Since recombinant baculovirus was derived by
using the BlueBac2 (pETL) expression vector (36, 68), the
insect cells expressed b-galactosidase as well as measles virus
H protein. We reasoned that these infected Sf9 cells grown in
suspension should be capable of binding to mammalian cells
with CD46 at their cell surface. Preliminary studies demon-
strated that Sf9-H cells could indeed bind to HeLa cells and in
addition could be stained blue in the presence of Bluogal, a
substrate for b-galactosidase (29). Control Sf9 insect cells in-
fected with wild-type Autographa californica nuclear polyhe-
drosis virus did not adhere to target cells and could be washed
away. A mouse cell line containing the T7 polymerase gene
(OST-7) does not normally bind measles virus. When infected
with a recombinant vaccinia virus expressing human CD46
under control of the T7 promoter, these rodent cells could bind
the Sf9-H cells (Fig. 3D). Mouse cells infected with wild-type
vaccinia virus or a recombinant vaccinia virus expressing the
SCR1, STP, and transmembrane regions of CD46 could not
bind the Sf9-H cells (Fig. 3A and B). However, mouse OST-7
cells infected with a vaccinia virus recombinant expressing the
SCR1, SCR2, STP, and transmembrane regions (Fig. 3C)
could bind Sf9-H cells just as well as if they were infected with
vaccinia virus synthesizing the whole CD46 molecule (Fig. 3D).
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These results confirm previous findings (11, 30, 47) which show
that both the SCR1 and SCR2 domains of CD46 are required
for measles virus binding. The results presented in Fig. 3 attest
to the credibility of this assay and establish a simple direct
binding assay for interaction between measles virus H protein
and the human CD46 molecule. Previous investigators moni-
tored this binding indirectly through the ability of measles virus
to initiate infection in rodent cells expressing CD46 variants
(47), fluorescence microscopy with measles antibodies (47),
fluorescence cytometry measurements with H monoclonal an-
tibody (30, 50), or the ability to form rosettes between African
green monkey erythrocytes and the CD46-bearing target cell
(15) or semiquantitatively with a biotinylated H protein overlay
binding assay with nitrocellulose blots containing CD46 (42).
Our new binding assay with Sf9-H cells offers the advantages of
being quick, sensitive, and easy to quantitate with either Bluo-
gal or ONPG substrates.

Site-specific mutagenesis can be used to map regions of
CD46 important for interaction of the H protein. Binding of
measles virus to African green monkey erythrocytes has pre-
viously been reported to be reversed by incubation with 1 M
arginine, and consequently, electrostatic interactions appeared
to be important in virus attachment (37). With this result in
mind, we decided to initiate our mutagenesis studies by sys-
tematically replacing charged amino acids in the SCR1 and
SCR2 domains with alanine. Larger stretches of the CD46
binding domains were also replaced with tracts of four to six
alanine residues. Mutant CD46 molecules were expressed in
mouse OST-7 cells by using recombinant vaccinia virus, and
binding assays were performed with Sf9-H cells. Expression of
all CD46 mutants on the surface of OST-7 cells was analyzed
by fluorescence cytometry, and similar amounts of recombi-
nant protein were expressed on all cells. Levels of mutant
CD46 surface expression are presented in Table 2. Binding of
Sf9-H cells to OST-7 cells expressing mutant CD46 molecules
was measured colorimetrically with an ONPG assay, and the
results relative to those for normal CD46 are presented in Fig.
4.

Substitution of charged amino acids at the SCR1 amino
terminus (EE36/37AA and E45A) appeared to moderately
affect binding and led to 25 to 30% inhibition of binding.
Mutation of the glycosylation site in SCR1 at Asn83 had no
effect on binding, nor did mutations of the charged residues
surrounding this site. However, the mutation ER58/59AA dra-
matically inhibited binding, up to 80%. Mutation of RD103/
104AA and another N-glycosylation site (N114A) in the SCR2
domain caused moderate but reproducible inhibition of bind-
ing, 25 and 50%, respectively. As previously stated, the Arg
residue at position 103 has been replaced by a Gln in baboons
(Papio anubis and Papio hamadryas), and we and others have
noted that baboon erythrocytes are not nearly as effective in
hemagglutination assays mediated by measles virus. Changes
at amino acid 103 appear to diminish measles virus binding but
not abolish it. Another laboratory also recently reported that
the mutation at Asn114 destroyed this glycosylation site and
reduced infections and binding by measles virus (44). It has not
been shown whether this carbohydrate chain participates di-
rectly or indirectly in binding. For the most part, single amino
acid mutations do not completely abolish binding of mutant
forms of CD46 to Sf9-H cells. This implies that several distinct
regions in SCR1 and SCR2 cooperate in binding in a confor-
mational rather than a linear manner and that no one region of
SCR1 and SCR2 is critical for virus interaction.

We were surprised to observe that multiple substitutions of
four to six alanine residues at seven locations over the SCR1
and SCR2 domains (E42 to G48, K49 to E55, E58 to C64, Y70

FIG. 2. Analysis of SCR1 domains and CD46 molecules from erythrocytes of
Old World and New World monkeys by fluorescence cytometry. Erythrocytes
from monkeys were incubated with either preimmune antiserum, SCR1-specific
antiserum, or polyclonal antiserum directed against human CD46. The erythro-
cytes were subsequently washed twice with FACS buffer by low-speed centrifu-
gation. Following resuspension of the pellet, the cells were incubated with FITC-
labeled goat anti-rabbit IgG and again washed twice with FACS buffer by low-
speed centrifugation. The labeled erythrocyte pellet was resuspended in FACS
buffer and analyzed with a Becton Dickinson analyzer equipped with a 15-mW
argon laser at 488 nm. The data were collected and analyzed by using CellQuest
software. Cell counts are indicated on the y axis, and the logarithm of the
fluorescence intensity is represented on the x axis. (A) analysis of some Old
World monkey (Cercopithecus aethiops, M. mulatta, M. fascicularis, and Papio
anubis) erythrocytes; (B) analysis of four different species of New World mon-
keys (Saimiri sciureus, A. trivirgatus, Callithrix jacchus, and Saguinus oedipus).

, polyclonal antiserum directed against the entire human CD46 molecule;
z z z z z, polyclonal antiserum directed against SCR1; - - - - , rabbit preimmune
antiserum.
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to A75, D81 to W86, N128 to L133, and I149 to K153) all
totally abolished binding to Sf9-H cells. However, substitution
of residues in the hinge region between the SCR1 and SCR2
domains (Y95 to T98) had little inhibitory effect. These
changes seem to indicate that major distortions of the SCR1
and SCR2 domains cannot be tolerated in binding assays.
Again, the multiple substitutions did not affect display of the
mutant CD46 molecules on the surface of the mouse OST-7
cells (Table 2). It is quite possible that multiple alanine
mutations might disrupt intramolecular disulfide bond for-
mation and alter the native conformation of the virus bind-
ing domains.

Monoclonal antibodies E4.3 and M75 inhibit binding of H
protein by interacting with specific regions in SCR1 and
SCR2. Two monoclonal antibodies which react with CD46
were previously reported to block measles virus infections and
prevent attachment of the measles virus H protein to the target
cell (15, 30). We were able to map the regions on CD46 which
interact with monoclonal antibodies E4.3 and M75 by using
recombinant vaccinia virus expressing different CD46 mutants
(Table 2) and to show that they inhibited binding of Sf9-H cells
(Fig. 4). E4.3 inhibited binding of normal CD46 to Sf9-H cells
by 45%, while M75 yielded 67% inhibition. In order to map the
monoclonal antibody epitopes, OST-7 cells were infected with
vaccinia virus recombinants, and infected cell lysates were an-
alyzed by immunoblotting with the two monoclonal antibodies;
diminished reactivity of the monoclonal antibodies with mu-
tant CD46 molecules was noted (Table 2). E4.3 antibodies
appeared to recognize residues 36 to 59 in the amino-terminal
domain of SCR1, while M75 recognized amino acids 103 to

114. These epitopes coincided with the regions where site-
specific mutations had the most effect on virus binding. It will
be interesting to note the inhibitory effects of additional mono-
clonal antibodies which recognize other regions of SCR1 and
SCR2, when they become available.

DISCUSSION

CD46 was previously shown to be the receptor for the Ed-
monston strain of measles virus (15, 50). This paper expands
upon the results from two other laboratories (30, 47), which
claimed that the presence of both the SCR1 and SCR2 do-
mains of CD46 is sufficient for virus binding. We proved that
this process occurs via direct interaction of the H protein with
SCR1 and SCR2 by using a convenient binding assay with Sf9
insect cells expressing the viral surface protein, H. In our study
we were surprised to note that all New World monkeys which
were analyzed did not express the SCR1 domain in CD46
molecules present on their erythrocytes and lymphocytes. This
observation accounted for their inability to bind measles virus
and hemagglutinate. The SCR1 deletion corresponds to a
missing second exon which is not retained in the CD46 mRNA
during the processing of precursor RNA; however, the exon
still appears to be present in chromosomal DNA (29), which
implies some irregularity in the splicing process. The compo-
sitions of the STP and cytoplasmic domains of CD46 are
known to vary through a process of alternate splicing, but
exons corresponding to the SCR domains have never been
reported to be deleted through mRNA processing (62, 63, 71).
No functional role has yet been assigned to the SCR1 domain

FIG. 3. Binding assay for mutant CD46 molecules by using insect cells expressing the H protein of measles virus. Mouse OST-7 cells were infected with wild-type
vaccinia virus (A), vaccinia virus expressing the SCR1 domain, the STP region, and the CD46 transmembrane region (B), a recombinant vaccinia virus expressing SCR1,
SCR2, the STP domain, and the CD46 transmembrane domain (C), or a recombinant virus expressing the entire human CD46 molecule (D). OST-7 cells alone normally
do not bind measles virus. Sf9 insect cells infected with a baculovirus expressing measles H protein and b-galactosidase were incubated with Bluogal substrate, washed
with PBS, and added to the vaccinia virus-infected cells. Binding of blue-colored insect cells to mouse cells which expressed either SCR1 and SCR2 (C) or the entire
human CD46 molecule (D) was apparent.
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of this molecule, since complement components C3b and C4b
have previously been demonstrated to interact with SCR2,
SCR3, and SCR4 (1, 12, 30). A role in signal transduction has
recently been proposed for CD46, and it was shown that in-
teraction of this receptor with measles virus or monoclonal
antibodies specific for SCR1 could downregulate the produc-
tion of interleukin-12 (32). This receptor interaction could
partially account for the immunosuppressive effects of measles
virus. It remains to be determined if other cellular factors
besides measles virus interact with the SCR1 domain. The
deletion of SCR1 in most tissues of New World monkeys (29)

may have interesting evolutionary implications in terms of dis-
ease and immune regulation.

Erythrocytes from the baboon Papio cynocephalus have pre-
viously been reported to hemagglutinate in the presence of
laboratory strains of measles virus (57, 59). However, research-
ers showed that many Old World monkey erythrocytes, includ-
ing those from Papio cynocephalus, M. fascicularis, M. mulatta,
and E. patas, were less efficient in these assays than erythro-
cytes from the African green monkey (Cercopithecus aethiops)
(18–20). We confirmed this result with two other species of
baboon (Papio anubis and Papio hamadryas) and found that
this decreased ability to hemagglutinate corresponded to a
change at amino acid residue 103, which implicates this region
of CD46 in measles virus binding. We were able to imitate this
natural change through site-specific mutagenesis, and our ex-
periments revealed decreased affinity for the mutant CD46 in
an Sf9-H binding assay. The nearby carbohydrate attachment
site at Asn114 was also shown to be important for optimal
binding, since mutation of this residue to Ala also reduced
interaction with Sf9-H cells. In addition, the epitope for a
monoclonal antibody, M75, was mapped to the same region
(amino acids 103 to 118) by using immunoblot analysis of our
mutant CD46 molecules, and it was also shown to inhibit bind-
ing effectively. These preceding studies appear to implicate the
region of CD46 consisting of amino acids 103 to 118 as at least
one of the sites involved in virus attachment.

The artificial mutation in CD46 which changed GluArg at
positions 58 and 59 to AlaAla had a dramatic effect on Sf9-H
cell binding. This is a region which could be involved in elec-
trostatic interaction with the binding region of measles virus H
protein. Arginine at concentrations of 1 M has previously been
shown to abrogate virus binding and hemagglutination (37).
The region at amino acid 58 or 59 could contribute to salt-
dependent or charged residue interaction during the attach-
ment process (23, 37, 76). The monoclonal antibody E4.3 has
previously been studied in virus attachment experiments (30,
47). There is some discrepancy between the results from the
two laboratories as to the effectiveness of this antibody in
inhibiting the binding of H protein to target cells, which could
be related to the concentration of the reagent used in their
experiments. Our results support those of Manchester et al.
(47) and confirm that E4.3 was indeed a potent inhibitor of
measles virus H protein attachment. We further demonstrated
that the epitope for monoclonal antibody E4.3 mapped to a
region of CD46 between amino acids 37 and 59 by using im-
munoblot analysis of our mutant CD46 molecules. Taken to-
gether, these data indicate that the region of CD46 consisting
of amino acids 37 to 59 also participates in binding to the
measles virus H protein.

The CD4 binding region (amino acids 39 to 59) which in-
teracts with human immunodeficiency virus glycoprotein
(gp120) has previously been mapped by other investigators
through a series of site-specific mutations and interactions with
monoclonal antibodies (5, 6, 9, 10, 13, 31, 48, 60, 72, 79).
Synthetic peptides were also employed by other laboratories in
attempts to map binding regions on CD4 but led to contradic-
tory results (31, 38, 39, 64, 83). Originally we also attempted to
perform peptide studies with measles virus and CD46 by using
25-amino-acid peptides derived from all regions of SCR1 and
SCR2. Peptides at concentrations as high as 200 mM had no
effect in Sf9-H binding and measles virus infectivity assays. We
presumed that binding of measles virus depended on confor-
mational epitopes rather than linear peptide epitopes. Subse-
quently, a genetic approach using site-specific mutagenesis was
adopted in our laboratory to map binding regions on CD46.
Initially we found that large mutagenic changes involving mul-

TABLE 2. Site-specific mutagenesis, cell surface expression, and
reactivity of CD46 mutant proteins with specific antibodies

Mutationa Surface expressionb

(mean fluorescence)

Reactivity with
monoclonal
antibodyc:

E4.3 M75

CD46 C2 87.77 111 111
EE36/37AA 81.40 2 111
E42A 91.50 1 111
E45A 84.45 1 111
KK49/51AA 87.74 2 111
E55A 94.90 1 111
ER58/59AA 98.80 1 111
DK61/63AA 85.64 111 111
KK65/66AA 83.13 111 111
H77A 81.40 111 111
DR81/82AA 92.15 111 111
N83A 78.94 111 111
H84A 97.87 111 111
DD91/92AA 87.37 111 111
RD103/104AA 86.77 111 2
N114A 89.95 111 2
E118A 77.57 111 1
H124A 101.11 111 111
E129A 99.50 111 111
E136A 78.25 111 111
E137A 89.01 111 111
E142A 104.05 111 111
E144A 84.99 111 111
K153A 97.89 111 111

Multiple 1 (E42–G48) 70.00 2 111
Multiple 2 (K49–E55) 102.16 2 111
Multiple 3 (E58–C64) 89.78 2 111
Multiple 4 (Y70–A75) 75.57 111 111
Multiple 5 (D81–W86) 70.02 111 111
Multiple 6 (Y95–T98) 85.61 111 111
Multiple 7 (N128–L133) 114.33 111 111
Multiple 8 (I149–K153) 93.58 111 111

a The CD46 molecule (isotype C2) was subjected to site-specific mutagenesis
as described in Materials and Methods. The position of the mutation is indicated
by the amino acid residue numbered from the amino terminus of the polypep-
tide, and includes the signal peptide prior to posttranslational cleavage. The
letter to the left of the number indicates the original amino acid, while the letter
to the right indicates the change. Multiple mutants 1 to 8 consist of alanine tract
substitutions between the indicated positions.

b The mean fluorescence of CD46 mutant proteins which were expressed on
the surface of mouse OST-7 cells was determined by FACS analysis with a rabbit
polyclonal antibody directed against CD46. Analysis was performed three times
with an error of 615%. The antibody-specific fluorescence intensity is repre-
sented as a number. Preimmune rabbit antibody yielded a background fluores-
cence of 0.200 to 0.500.

c Reactivity of the mutant CD46 molecules with monoclonal antibodies E4.3
and M75 was determined by immunoblot analysis of proteins from a mutant
CD46 recombinant vaccinia virus-infected cell lysate. 2, no band appeared on
the blot; 1, presence of a faint band; 111, indicates the monoclonal antibody
recognized the mutant CD46 protein.
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tiple alanine substitutions could not be tolerated. These mul-
tiple mutations appeared to perturb binding of Sf9-H cells to
CD46, no matter which region was targeted. Surface expres-
sion of the mutated CD46 molecule was not affected, but
intramolecular disulfide bond formation may have been al-
tered. The only area where multiple alanine mutations did not
dramatically affect binding was the hinge region between SCR1
and SCR2, indicating that this region was relatively refractile
to mutagenesis and probably was not important in measles
virus binding. Smaller point mutations were subsequently uti-
lized in our experiments to map regions in SCR1 and SCR2
which are important for measles virus binding.

A molecular understanding of the exact interaction of mea-
sles virus H protein with CD46 will ultimately depend upon
structural studies using nuclear magnetic resonance or X-ray
crystallography to dissect the binding regions of H, SCR1, and
SCR2. Serum factor H, like CD46, is another complement
binding protein which is composed of 20 short consensus re-
gions. The SCR15 and SCR16 regions of factor H, whose
three-dimensional structure has been solved (7), has some
homology to the two terminal domains of CD46. The polypep-
tide backbone for CD46-SCR1 and CD46-SCR2 can be

crudely modeled and superimposed on that for the SCR15 and
SCR16 domains from factor H. However, one can only approx-
imate regions of interaction between the receptor and viral
glycoprotein at this time. The fine structure of the intramolec-
ular loops defined by the cysteine residues and the orientation
of the SCR domains about the hinge region between SCR1 and
SCR2 will likely determine the residues available in the bind-
ing site. Mutagenesis offers some clues as to which residues are
important in virus binding, but these experiments are actually
a lead into structural studies.

Based on the deletion of SCR1 regions in New World mon-
keys, we might predict that marmosets and tamarins from
South America are resistant to infections by the Edmonston
strain of measles virus. Studies in our laboratory indicate that
owl monkey kidney cells (OMK) and marmoset kidney cells
(NZP-60) also contain this deletion and cannot be infected
with measles virus in the laboratory (29). However, we and
others (33) have infected a marmoset B-cell line which has
been immortalized with Epstein-Barr virus (B95-8), and results
indicate that these cells contain both the SCR1-deleted and
nondeleted forms of CD46 (29). Other researchers have re-
ported measles virus infections in cynomolgus monkeys, mar-

FIG. 4. Effect of CD46 site-specific mutations and monoclonal antibodies directed against SCR1 and SCR2 on binding to insect cells expressing the measles virus
H protein. Mouse OST-7 cells were infected with recombinant vaccinia virus expressing the mutant CD46 molecules described in Table 2. Sf9 insect cells which
expressed both measles virus H protein and b-galactosidase were added to the mouse cells for 1/2 h and subsequently washed with PBS. Binding was quantitated by
a colorimetric assay for b-galactosidase with ONPG as a substrate and was compared to a standard value produced by cells expressing the normal CD46 molecule. This
binding relative to that for normal human CD46 is represented on the y axis of the histogram, while the various mutations are listed on the x axis. OST-7 cells infected
with wild-type vaccinia virus served as a negative control and exhibited no binding to Sf9-H cells. (A) Mutations introduced in SCR1; (B) mutations placed in SCR2;
(C) multiple alanine substitutions in both SCR1 and SCR2. The inhibitory effects of monoclonal antibodies directed against SCR1 (E4.3) and SCR2 (M75) are also
shown in panel C. These two commercial antibodies were diluted 1:20 and added to binding assays, and inhibition was noted. Results are expressed as means and
standard deviations.
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mosets, tamarins, and squirrel monkeys (2, 3, 34). The disease
in moustached marmosets has been reported to be character-
ized by severe gastroenterocolitis and immunosuppression (2),
while the symptoms presented by squirrel monkeys are similar
to those in humans and consist of a rash, Koplik’s spots, and
infection of lymphatic tissue (34). The receptor distribution in
these animals is currently under study in our laboratory, and
the nature of the SCR1 deletion in different organs of monkeys
may determine the tissue tropism and nature of the disease in
these animals. Since the SCR1 measles virus binding domain
appears to be missing in these infected New World monkeys, it
will be interesting to determine if another receptor besides
CD46 can be used by measles virus during the process of
attachment.
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